HE lateral occipital cortex in humans is known as the "extrastriate visual cortex." It is, however, an unexplored field of research, and the anatomical nomenclature of its surface is still not standardized. 6, 11 Even researchers using fMR imaging are behind in their efforts to investigate this area. 28 This study was designed to determine whether the lateral occipital cortex in humans has retinotopic representation. Phosphenes, or simple visual illusions, were induced by electrical cortical stimulation of the lateral occipital cortex in patients with epilepsy by using implanted subdural electrodes. The retinotopic relation was compared with results of x-ray studies.
Materials and Methods

Patient Population
Between February 1996 and May 2002, four right-handed patients consisting of three men and a woman, with a mean age of 30 years (range 26-33 years) and a diagnosis of intractable epilepsy from either space-occupying or epileptogenic lesions in the occipital lobe, underwent permanent implantation of subdural electrodes (Table 1) . All patients had suffered from CPSs. Surgery was performed to treat lesions associated with seizures following the subdural electrode studies. Informed written consent had been obtained from each patient before beginning this study.
Electrical Cortical Stimulation
Except for the modifications described later, the methods of electrical cortical stimulation in this study are similar to those described previously. 13 Intracranial recordings were obtained for 2 weeks. Functional brain mapping was conducted in the 2nd week. During cortical stimulation, electric current was directly applied to the patient's brain through metal electrodes by using a biphasic cortical stimulator (model no. OCS-1; Radionics, Inc., Burlington, MA; Fig.  1 upper and lower left). Stimulation was performed using a direct current of square waves with a duration of 0.2 msec and 50-Hz trains for 2 to 5 seconds. We began stimulation at a current of 1 mA, which was gradually increased until after discharge or neurological symptoms occurred. If no response was observed at 10 mA of current, the cortical region was considered a functionally silent area.
The location of each of the electrodes was measured on a lateral skull x-ray study. For each image, we defined the following coordinates: the origin, the inion; the x axis, the line between the inion and nasion; and the y axis, the line perpendicular to the x axis ( Fig.  1 right) . Departments of Neurosurgery and Radiology, Nara Medical University, Nara, Japan
Object. The lateral occipital cortex in humans is known as the "extrastriate visual cortex." It is, however, an unexplored field of research, and the anatomical nomenclature for its surface has still not been standardized. This study was designed to investigate whether the lateral occipital cortex in humans has retinotopic representation.
Methods. Four right-handed patients with a diagnosis of intractable epilepsy from space-occupying lesions in the occipital lobe or epilepsy originating in the occipital lobe received permanently implanted subdural electrodes. Electrical cortical stimulation was applied directly applied to the brain through metal electrodes by using a biphasic stimulator. The location of each electrode was measured on a lateral skull x-ray study. Each patient considered a whiteboard with vertical and horizontal median lines. The patient was asked to look at the midpoint on the whiteboard. If a visual hallucination or illusion occurred, the patient recorded its outline, shape, color, location, and motion on white paper one tenth the size of, and with vertical and horizontal median lines similar to those on, the whiteboard. Polar angles and eccentricities of the midpoints of the phosphenes from the coordinate origin were measured on the paper. On stimulation of the lateral occipital lobe, 44 phosphenes occurred. All phosphenes were circular or dotted, with a diameter of approximately 1 cm, except one that was like a curtain in the peripheral end of the upper and lower visual fields on stimulation of the parietooccipital region. All phosphenes appeared in the visual field contralateral to the cerebral hemisphere stimulated. On stimulation of the lateral occipital lobe, 22 phosphenes moved centrifugally or toward a horizontal line. From three-dimensional scatterplots and contour maps of the polar angles and eccentricities in relation to the x-ray coordinates of the electrodes, one can infer that the lateral occipital cortex in humans has retinotopic representation.
Conclusions. The authors found that phosphenes induced by electrical cortical stimulation of the lateral occipital cortex represent retinotopy. From these results one can assert that visual field representation with retinotopic relation exists in the extrastriate visual cortex.
Evaluation of Phosphenes
Each patient considered a whiteboard with vertical and horizontal median lines, at a distance of 2 m ( Fig. 1 upper and lower left) . The patient's eyes were level with the horizontal line. Each patient was asked to look at the midpoint on the whiteboard. If a visual hallucination or illusion occurred, the patient recorded its outline, shape, color, location, and motion on white paper with one tenth the size of, and with vertical and horizontal median lines similar to those on, the whiteboard. Polar angles and eccentricities of the midpoints of the phosphenes from the coordinate origin were measured on the paper. Positive and negative polar angles were assigned to upper and lower visual fields, respectively. For moving phosphenes, starting points were considered as the location.
Data Analysis and Statistics
Data concerning the x-ray coordinates, polar angles, and eccentricities of the phosphenes were analyzed with the aid of a computer. Scatterplots and a polar angles/eccentricities contour map were created using graphing software (SigmaPlot; SPSS Science, Chicago, IL). Statistical analyses were performed using commercially available software (SigmaStat; SPSS Science). Differences were considered statistically significant at a probability level less than 0.05.
Results
Characteristics of Phosphenes
On stimulation of the lateral occipital lobe, 44 phosphenes occurred: Case 1, 19; Case 2, nine; Case 3, three; and Case 4, 13. The patient in Case 3 saw three phosphenes on activating the electrodes in her occipital region. The sheets of electrode grids covered the areas more anterior to the mapped field. Grids on the anterior side from the mapped field were not associated with phosphenes. The grids associated with the frontal region outside this mapped field created no phosphenes, with similar results in other cases. In our study, no more than two phosphenes appeared during stimulation, and each phosphene disappeared immediately after discontinuing the current. No other symptoms such as other illusions, seizures, nausea, or neurological deficits occurred during or after stimulation. All phosphenes were circular or dotted, with a size of approximately 1 cm in diameter, except one (Case 1) that was like a curtain in the peripheral end of the upper and lower visual fields on stimulation of the parietooccipital region (Fig. 2 left) . All phosphenes appeared in the visual field contralateral to the cerebral hemisphere stimulated. On stimulation of the lateral occipital lobe, 22 phosphenes moved centrifugally or 
Retinotopy of the Lateral Occipital Cortex
The three-dimensional scatterplots of the polar angles and eccentricities in relation to the x-ray coordinates of the electrodes with regression planes are featured in Fig. 3 upper left and right, respectively. From these results one can infer that the lateral occipital cortex in humans has retinotopic representation. On multiple linear regression analysis between the polar angle and the x-ray coordinates, the polar angle can be predicted from a linear combination as in the following equation:
where R = 0.67 and p Ͻ 0.0001. The eccentricity also can be predicted using the following equation:
where R = 0.63 and p Ͻ 0.0001.
The horizontal line and the fixation point can also be obtained from Equations 1 and 2. When zero is substituted for the polar angle in Equation 1 , the solution to the equation is y = 0.8x ϩ 8.8, the horizontal line. When zero is substituted for polar angle and eccentricity in Equations 1 and 2 the solutions to the differential equations are x = 3.5 mm, y = 11.6 mm, that is, the fixation point. Retinotopy of the lateral occipital cortex was also demonstrated from the nonlinear contour map of the polar angle and the eccentricity of the induced phosphenes on the x-ray coordinates (Fig. 3 center   left and right) . Nonlinear contour maps of the polar angle and eccentricity were interposed onto a three-dimensional surface-rendered brain model (Fig. 3 lower left and right) . The fixation point was near the occipital pole. The horizontal line in the figure runs posteroanteriorly. Lower-quadrant phosphenes were observed as stimulation of the superolateral occipital lobe; and upper-quadrant phosphenes, the inferior lobe. Eccentricity increased with distance from the occipital pole. Note that the fixation point can also be obtained using Equations 1 and 2.
Discussion
We found that phosphenes induced on electrical cortical stimulation of the lateral occipital cortex represent retinotopy, with coordinates consistent with the axes of the polar angle and the eccentricity from the center of the visual field. This implies that visual field representation with retinotopic relation exists in the extrastriate visual cortex of the lateral occipital cortex.
Retinotopy of the Lateral Occipital Cortex
To our knowledge, this study was the first to construct detailed maps of retinotopic representation of the lateral occipital cortex in humans. Research into retinotopy has a long history, especially regarding the primary 3, 14, 23 and prestriate cortices. 2, 8, 30 Data from many fMR imaging studies have markedly advanced this field. 12, 22, 24, 25, 27 Nonetheless, it has been hard to fill in the blanks of the visual field map in the lateral occipital cortex.
In a recent study, superimposing an atlas of the macaque monkey brain onto an atlas of the human brain together with fMR imaging studies revealed a probable map of topographically organized visual areas in the lateral occipital cortex, with the lower visual field in the superior area and the upper visual field in the inferior area. 28 Most of the lateral occipital cortex of the macaque monkey is occupied by area V1, the first to receive information directly from the lateral geniculate nucleus. 1, 3 The V1 in the macaque monkey is not equivalent to the lateral occipital cortex in humans, but rather to the medial occipital cortex in humans. There is great anatomical discrepancy between humans and monkeys. On the other hand, physiologically, the visual field sign is very resistant to evolutionary change. 22 This hypothetical map derived from fMR imaging results includes our own direct evidence of visual angle in humans (Fig. 3 upper and center left) . Analysis of data from another recent fMR imaging study in humans indicated the existence of retinotopy in the lateral occipital cortex for eccentricity only. This area was roughly divided into posterior and anterior parts according to responses to central and peripheral visual stimuli, namely lateral occipital central and lateral occipital peripheral, respectively. 24 This is not a detailed division, but it partially supports our findings about retinotopy for eccentricity ( Fig. 3 upper and center right) .
Why does the lateral occipital cortex-its functional equivalent, the extrastriate visual cortex-have retinotopic representation? In macaque monkeys, a geniculoprestriate projection system exists. 9, 29 It is posited that there are two parallel systems of visual information processing from the lateral geniculate nucleus to the prestriate cortex: a direct system and an indirect one through the striate cortex. The extrastriate visual cortex may also be projected from the lateral geniculate nucleus directly. Data from previous transcranial magnetic stimulation studies have been unclear about the brain regions stimulated and the phosphenes induced. The medial occipital cortex 18 and optic radiations 17 were proposed as candidates. The calculated depth of stimulation was only 2.25 cm below the scalp, too shallow to stimulate candidates. 7 Thus the extrastriate cortical area was speculated to be the targeted site. Our results support the latter suggestion.
Performing our same study in patients without space-occupying lesions would be better because of the opportunity to report a new finding on the human visual system, but is impossible given the ethical considerations. Symptomatic hemangiomas might have significant size in the occipital lobes and distort the normal visual pathway. Confirmation through less invasive studies such as those with fMR imaging and a target in the lateral occipital lobe is necessary in the future.
Characteristics of Phosphenes
An analysis of our results is supported by a previous finding from a subdural electrode study in humans who experienced quadrant phosphenes on stimulation of the lateral occipital cortex. 16 All phosphenes appeared in the visual field contralateral to the cerebral hemisphere stimulated (Fig. 2 left) . Transcranial magnetic stimulation of the occiput in humans has been reported to induce phosphenes in the contralateral visual hemifield. 10, 15, 20 On the other hand, in an fMR imaging study performed in humans, moving stimuli in the range of the ipsilateral visual field revealed activity in the lateral visual cortex overlying the motion-sensitive area MT. 26 The ipsilateral visual representation may have been related to the construction of a unitary visual perception, whereas contralateral representation in our study might have been due to differences in methods.
One phosphene in the patient in Case 1 was like a curtain in the peripheral end of the upper and lower visual fields with stimulation of the parietooccipital region. In support of this, the parietooccipital sulcus lacks a clear point-to-point retinotopy and has an enhanced representation of the visual periphery on whole-scalp neuromagnetic response. 19 The parietooccipital region might unite the vision of the upper and lower visual fields.
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Future Clinical Applications
Artificial vision has been studied for several decades. 4, 5 Visual prostheses can make phosphenes induced by stimulation through electrodes on the surface of the medial occipital cortex, and thus recreate an image from a television camera in blind people. This technique is based on the retinotopy in the medial occipital cortex. Note that the lateral occipital cortex can also be used for artificial vision in patients with lesions in the medial occipital cortex or the development of bridging veins. 21 When instruments for extracranial stimulation, such as a transcranial magnetic stimulator, and retinotopy of the lateral occipital cortex become more precise, artificial vision through the extrastriate cortex would be possible without invasiveness.
